Abstract-Metallic implants introduce severe artifacts in CT images, which degrades the image quality. It is an effective method to reduce metal artifacts by replacing the metal affected projection with the forward projection of a prior image. How to find a good prior image is the key of this class methods, and numerous algorithms have been proposed to address this issue recently. In this work, by using image mutual correlation, pixels in the original reconstructed image or linear interpolation corrected image, which are less affected by artifacts, are selected to build a combined image. Thereafter, a better prior image is generated from the combined image by using tissue classification. The results of three patients' CT images show that the proposed method can reduce metal artifacts remarkably.
I. INTRODUCTION
M ETAL artifact reduction (MAR) is a major problem in x-ray computed tomography. Metallic implants can introduce bright and dark streaks and shadows in CT images, which degrades the image quality severely and become a major limiting factor in clinical diagnosis. During past three decades, various metal artifact reduction approaches have been proposed. However, there is still no robust solution to this issue and it remains a challenging problem.
The projections passing through metals are distorted by various errors such as severe beam hardening and noise [1] . As a result, many MAR methods treat metal affected projections as to be missing, and they are replaced by surrogate projections. Some methods complete the projection by using an interpolation scheme, e.g., linear interpolation [2] (denoted as LI-MAR), which is simple and with low computation cost. However, interpolation based MAR methods may introduce secondary artifacts.
Recently, a class of MAR methods, which complete the missing projection dataset by using forward projection of a prior image, are widely investigated. The information of the prior image is exploited to complete the projection, as a result, the method can get an excellent result if the prior image contains few artifacts and is close to the ground truth image. Therefore, how to find a good prior image is crucial in these forward projection based methods. Generally, a prior image is generated from the original reconstructed image or precorrected image. Seemeen Karimi et al. [3] obtained the prior image by segmenting regions of the original image. Metal artifacts regions were identified and then replaced with a constant soft tissue value. Bal and Spies [4] employed the k-means cluster technique to segment the adaptively filtered image into five classes. Prell et al. [5] segmented three dimensional interpolation corrected image into air, soft tissue and bone. Philips Healthcare recently developed a commercial orthopedic metal artifact reduction function (O-MAR) which produced the prior image from the original image [1] . Meyer et al. [6] produced prior image from different images depending on the strength of existing artifacts. The original image was chosen to generate prior image in the case of existing minor artifacts, otherwise, LI-MAR corrected image was selected instead. There are two main drawbacks for these methods. In some cases, there exist wrong tissue classification due to severe artifacts. Besides, pixel values in bone remain unchanged because they vary over a large range; as a result, the artifacts in bone remain. These factors result in generating poor prior image and finally lead to dissatisfactory correction performance.
All the above mentioned methods employ the information in only one image, while we try to make the best of the information in both the uncorrected original image and LI-MAR corrected image. The distributions and intensities of artifacts are different in the original image and LI-MAR corrected image, so the pixels containing fewer artifacts in the two images are selected to build a combined image, which is used to generate a good prior image. Thereafter, the forward projection of the prior image is used to complete the projection dataset and the corrected image is reconstructed using FBP.
II. METHOD
The main idea of our approach is to generate the prior image that is obtained from the combination of original image and LI-MAR corrected image. The proposed method is composed of three steps: Metal traces segmentation, prior image generation and projection completion followed by image reconstruction.
A. Metal traces segmentation
In the original reconstructed image, metals are segmented out based on thresholding [7] . Then the forward projection of arXiv:1408.5198v2 [physics.med-ph] 4 Sep 2014 the obtained metal only image is performed to get the metal traces, which specifies the projections affected by metals. These affected projections are replaced in the final step.
B. Prior image generation 1) Linear interpolation: For a given original sinogram p, whose the i th view j th bin pixel is denoted as p i,j . In each view of the sinogram, e.g. in the i th projection view, if the projections p i,k and p i,k+∆+1 are unaffected by metal, and the ∆ projection pixels between them, {p i,j |j ∈ [k + 1, k + ∆]}, are in metal trace, then the projections {p i,j |j ∈ [k+1, k+∆]} are replaced by the linear interpolation of p i,k and p k+∆+1 , which is stated as follows.
Sometimes the unaffected projections are smoothed before interpolation in order to decrease the impact of noise. The unaffected projections remain unchanged in p LI . Then the LI-MAR corrected image is reconstructed using FBP.
2) Artifacts splitting: The original image f O can be regarded as the ground truth image plus a metal artifacts image, and the LI-MAR corrected image f LI can be treated as the ground truth image plus a LI-MAR artifacts image consisting of uncorrected metal artifacts and secondary artifacts. Therefore, the difference of these two reconstructed images, f O −f LI , represents the superposition of metal artifacts and the negative LI-MAR artifacts, called as artifacts superposition image and denoted as f A . Figure 1(c) gives the artifacts superposition image of a patient (patient 1) containing a metallic clip. It can be seen that all metal artifacts and LI-MAR artifacts are presented and there is no information of patient' tissues.
3) Correlation maps: Image mutual correlation [8] has been widely used to assess the degree of similarity of two images. The mutual correlation of two vectors x and y is calculated as follows:
where symbol ·, · represents the inner product, and is a small positive constant to make sure that the denominator is not zero. The value range of
Generally, the distributions and intensities of metal artifacts and LI-MAR artifacts are different (e.g., Figs. 1(a) and 1(b)), so it is possible to build a combined image with fewer artifacts from the two images f O and f LI . Specifically, for an arbitrary pixel position (i, j), the pixel value of the combined image is selected as f Each patch has 9 × 9 pixels. As known to us, CT number of soft tissue is around 0 HU; thus, in cases of heavy artifacts, the CT number is dominated by artifacts in soft tissue region in the reconstructed images. Therefore, in soft tissue region, correlation value between two corresponding patches in the reconstructed image and in artifacts superposition image describes the correlation degree of contained artifacts in this patch in the reconstructed image, which is calculated by Eq. 3. Figure 1 (f) shows the combined image of patient 1, which contains lighter artifacts than Figs. 1(a) and 1(b) .
1 The artifacts superposition image is defined by f A = f O − f LI , so the negative sign is used in Eq. 3 to guarantee the positive correlation of LI-MAR induced artifacts between two corresponding patches in f LI and
The prior image is obtained via tissue classification of the combined image [5] . The pixels with CT numbers larger than 200 HU are regarded as bone, which are unchanged; the pixels whose CT numbers are smaller than -600 HU, are assumed as air and set to -1000 HU; while the pixels with CT numbers between -600 HU and 200 HU are treated as soft tissue, which are uniformly set to 0 HU. Then the combined prior image is obtained.
C. Projection completion and image reconstruction
If the metal trace pixels are directly replaced with the corresponding projections obtained by the forward projecting of the combined prior image, it may lead to discontinuity at the boundary of the metal traces, which introduces new streak artifacts. So it is necessary to prevent generating the discontinuity in replacement. Similar to our previous work [9] , we apply linear interpolation again to generate a continuous transition p T between the forward projection p C and the original sinogram p. The metal affected projections are replaced with the sum of p C and p T . In this way, the affected projections can be completed seamlessly. Thereafter, the corrected image is reconstructed using FBP, and the metal obtained in the first step is inserted into the corrected image.
III. EXPERIMENTAL RESULTS

A. Experimental setup
In this study, we compare the performance of the proposed method with competing methods on the scanned datasets of three patients. A patient with a surgical clip (patient 1) was scanned on a Siemens SOMATOM Sensation 16 scanner CT using helical scanning geometry. The measurement of patient 1 was acquired with 1160 projection views over a rotation and 672 detector bins in a row. A patient with a dental filling (patient 2) and a patient with a hip prosthesis (patient 3) were scanned on a kV on-board imaging (OBI) system integrated in a TrueBeam TM medical linear accelerator (Varian Medical System, Palo Alto, CA). The projection datasets were acquired with 364 projection views over 200
• in full-fan mode for patient 2, and 656 projection views over 360
• in half-fan mode for patient 3, respectively, and their effective detector bins were 512. The matrix of reconstructed image is 512 × 512, corresponding pixel sizes are 0.776mm×0.776mm for patient 1 and patient 2, and 1mm × 1mm for patient 3.
B. Results
In this paper, the forward projection based MAR methods which use the prior images generated from the original image and LI-MAR corrected image are denoted as FP-MAR1 and FP-MAR2, respectively. FP-MAR1 is the same to Prell et al. proposed method [5] except that the conventional LI-MAR is used instead of 3D LI-MAR. LI-MAR, FP-MAR1 and FP-MAR2 are implemented to compare with the proposed method. Figure 2 shows the reconstructed images and the prior images of patient 1. The original image contains heavy metal artifacts in the vicinity of metallic clip as indicated by arrow 1 in Fig. 2(a) . Thus the prior image obtained from the original image is not good enough due to wrong tissue classification as shown in Fig. 2(e) , which results in severe artifacts in the corresponding reconstructed image (Fig. 2(f) ). Figure 2(b) is the LI-MAR corrected image, which contains remarkable new artifacts as indicated by arrows 3 and 4, and the structure of bone is distorted highlighted by arrow 2. As a result, these artifacts and wrong structures are remained in the prior image (Fig. 2(c) ) obtained from LI-MAR corrected image, leading to the similar artifacts and wrong structures as indicated by arrows in Fig. 2(d) . By contrast, the combined prior image is obtained from Fig. 1(f) . Therefore, there is no previously mentioned wrong tissue classification as indicated by arrows in Fig. 2(g) , and the corrected image has no obvious artifacts (see Fig. 2(h) ). Figure 3 shows the reconstructed images of patient 2. There are obvious streak artifacts in both the original image and LI-MAR corrected image. FP-MAR1 can remove most of streaks except the one pointed out by the arrow in Fig. 3(c) . In comparison, FP-MAR2 can suppress the streaks indicated by arrow better. Nevertheless, artifacts around the metal is remarkable in FP-MAR2 corrected image. The proposed method can reduce both streaks and artifacts around the metal greatly. Figure 4 shows the reconstructed images of patient 3. There are bright and dark shadows in the original image, which can be reduced remarkably by LI-MAR. With the prior image obtained from LI-MAR, FP-MAR1 can further alleviate artifacts. On the contrary, FP-MAR2 can hardly reduce bright artifacts around the hip prosthesis. The image corrected by the proposed method is similar to that by FP-MAR1, because the two prior images obtained from LI-MAR image and combined image are both good enough.
IV. DISCUSSIONS AND CONCLUSIONS
The distributions of artifacts in the original image and in LI-MAR corrected image are different, so the proposed method sufficiently exploits information of the pixels with fewer artifacts to compose a new image, which is used to generate a good prior image. As illustrated in the results of patient 1 and patient 2, images corrected by the proposed method are superior to that corrected by FP-MAR1 and FP-MAR2, because the combined prior image can avoid wrong tissue classification that appeared in the prior images of FP-MAR1 and FP-MAR2. For patient 3, since the prior image of FP-MAR1 has no wrong tissue classification and is superior to that of FP-MAR2, the prior image and corrected image of the proposed method are almost the same to that of FP-MAR1. Besides, for simplicity, LI-MAR method is adopted to generate the combined image in this work, while other MAR methods can also be used instead which will be our future work.
In conclusion, we introduce a new method to generate better prior image for the forward projection based metal artifact reduction method. By using image mutual correlation, pixels in the original image or linear interpolation corrected image, which are less affected by artifacts, are selected to build the combined image. Based on this image, a more accurate prior image can be obtained. The results demonstrate that the proposed method can achieve better artifacts removal performance than the competing methods. In the future, the developed method will be evaluated by clinicians to validate the clinical usefulness.
